In this article, we focus on the important role of solvent donor and acceptor properties of ionic liquids in the elucidation of inorganic reaction mechanisms. For this purpose, mechanistic and structural studies on typical inorganic reactions, performed in ionic liquids, have been conducted. The presented systems range from simple complex-formation and ligand-substitution reactions to the activation of small molecules by catalytic-active complexes. The data obtained for the reactions in ionic liquids are compared to those for the same reactions carried out in conventional solvents, and are discussed with respect to the donor and acceptor properties of the applied ionic liquids. The intention of this perspective is to gain more insight into the role of ILs as solvent and their interaction with metal ions and complexes in solution. 
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Introduction
In recent years, the demand for environmental friendly and sustainable chemistry has led to a more detailed interest in solvent effects, and the search for customized solvents which are wellsuited for the requirements of a specific application. 1, 2, 3 Because of their negligible vapor pressure and the resulting low volatility, ionic liquids (ILs) have been presented as a very promising class of new reaction media, since they also offer the possibility to tune their physicochemical properties such as conductivity, density, melting point, polarity or viscosity, through the combination of a large range of different possible cations and anions. 4 Today, between 300 and 400 different ILs are already commercially available 5 and some of these ILs are well established in new technologies.
6
As a result of their ionic nature, ILs provide a completely different chemical environment for dissolved substances as compared to that of conventional organic solvents or water. But how do substrates really interact with such an exceptional environment? Since many groups consistently report unexpected observations, such as an increase or decrease in reactivity or even a complete inhibition of reactions, there is obviously still a lack of understanding of the unique interactions that take place between solvent cations, anions and dissolved substances.
7
On considering possible solvent-solute interactions, the nucleophilicity of ILs plays a crucial role as most of the anions that form part of ILs, e.g. Cl¯, Br¯, SCN¯, NO 3¯ or N(CN) 2¯, are potential Lewis bases. In particular, applications involving sensitive catalytic active metal complexes can seriously be affected by interactions with the anionic component of ILs, either by occupying a vacant coordination site necessary for binding substrates, or by displacing weaker coordinated solvents, catalysts or co-catalysts. Thus, studies on individual systems to learn more about possible effects and to obtain a feeling for the unique behavior of ILs still remain indispensable. 13 As physical-inorganic chemists interested in chemical kinetics, reaction mechanisms and coordination chemistry, we started to investigate possible structural or mechanistic changes and the reasons therefore, when a typical inorganic reaction, extensively studied in conventional solvents before, is transferred into ILs. It was our intention to investigate a variety of different reaction types, such as complex-formation, ligand-substitution and the activation of small molecules, by applying conventional and specialized instrumental techniques. In this context, we first concentrated on the significant effect of a series of ionic liquids on ligand substitution reactions of Pt II and Pd II complexes. 14, 15 We then extended our studies to complex-formation reactions involving lithium ions, 16 a topic related to supramolecular and accumulator chemistry, and to the activation of small molecules, viz. carbon dioxide 17 and nitric oxide. 10, 18 The latter topic involves model systems of catalytically active, inorganic and bioinorganic transition metal complexes.
During all these studies we often noticed a problematic influence of the applied ILs, either on the solubility of substrates or on the reactivity of the systems under investigation. Challenged through these problems, we further developed an interest in the understanding and quantification of donor and acceptor properties of ILs. 19 A selection of these studies is presented in this article and discussed with respect to the donor and acceptor properties of the applied ILs.
Donor and acceptor numbers for ionic liquids
Reaction rates, reaction mechanisms, the reactivity of dissolved substances or even the preferred products, can in general be influenced by solute-solvent interactions. Thus, a detailed knowledge of the physical and chemical properties of solvents is an important prerequisite for their efficient application in fundamental research and industrial processes. Table 1 ).
19, 24 27 These ILs are comparable to the donicity of DMSO (DN = 29.8), which can coordinate to metal complexes under the right conditions, but will easily be displaced if a stronger donor is added. In this context, it should be mentioned that the water content of an IL can significantly influence its nucleophilicity and can lead to an increase or decrease of its donicity.
Therefore, water impurities should be carefully removed prior to the measurements to obtain reliable information on the donicity of ILs, which can help to predict the progress of reactions and to suggest new synthetic routes in ILs.
In an earlier publication, Linert et al. already Since the donicity of ILs is mainly controlled by the anion, it was quite obvious to expect a response of the DN on modifications of the anionic component. However, a possible influence of structural changes on the cationic component could not be excluded. Therefore, we exemplarily studied the effect of an elongated alkyl chain of NTf 2¯ based ILs and found systematic changes in the DNs. The longer the alkyl chain of the imidazolium cationic moiety, the lower the DN of the appropriate IL. This observation can be explained in terms of stronger van der Waals interactions and aggregation effects, which diminish the interaction with acceptors and lead to a lower donicity. 31, 32 On the contrary, an increase in temperature leads to an increase in the donicity (see Figure 2 and Table 2 ), as the higher mobility of the ions at higher temperature lead to a disintegration of cation-anion aggregates and, therefore, to stronger interactions with substrates. Table 2 and Figure 3 ). does not fit to one of these correlations. Interestingly, this IL is located exactly between both correlations, which could be accounted for by the fact that the triflate anion contains oxygen as well as fluorine atoms. On considering the different electro-negativity of nitrogen and oxygen, both correlations shown in Figure 3 could arise from different energy levels of the donor orbitals.
Oxygen exhibits a higher electro-negativity than nitrogen, and as a result the energy levels of the free electron pairs, as well as the appropriate MOs generated on interaction with acceptors, should be lower than in the case of N-donors. However, to establish correlations which enable an accurate estimation/calculation of DNs or β-parameters according to Marcus' approach, there are presently not enough data available on both, DNs as well as β-parameters.
Similar to the correlations between DNs and β-parameters, we also observed a familydependent behavior on comparing our DNs with the appropriate ion pair interaction energies ∆E calculated by DFT. Based on our earlier studies, 14 we determined ∆E as the energy difference between the ion-pair formed by the cation and anion, and the energy of the separated ions (see reaction (1) Depending on the anionic component of the investigated ILs, we also found large differences in the appropriate interaction energies. At first sight, only a very rough correlation can be observed, indicating that anions with a low interaction energy (∆E) correspond to lower DNs, whereas anions with a high interaction energy correspond to higher DNs. However, a closer look at With respect to the second family of ILs, the O-donor anions exhibit the same sequence as found for the correlation between the DNs and the β-parameters. Only MeOAc¯ diverges and seems to have a too high DN in comparison to the calculated interaction energy. The calculated interaction energy of the acetate anion is higher despite its lower DN. This discrepancy might originate from the additional methoxide group in the MeOAc¯ anion. By applying DFT calculations, the electron withdrawing effect of this group is factorized and reduces the electron donation ability of the carboxyl group without considering the interactions between this electron rich group and the cation, which presumably exist in the liquid state, thus diminishing the actual overall interaction energy.
Interestingly, the fluorinated ILs are located partly amongst and partly below the O-donor anions, but a clear correlation between the DN and the interaction energy was not observed. Due to specific electronic and structural features, such as electron delocalization over the whole molecule and the almost spherical shape, anions like SbF 6¯, PF 6¯ and BF 4¯ are rather weak electron donors and exhibit nearly the same interaction energy. Only BF 4¯ has a slightly higher DN and moderately higher interaction energy, which might be due to the stronger B-F bonds and lower coordination number. large degree of pπ-dπ bonding within the N-S moiety could lead to charge delocalization over the whole anion and complicate coordination via the nitrogen donor. 38 All in all, the correlations in Figure 5 show a good agreement between DFT calculations and experimental data. The observed family dependencies should be considered as a useful tool for the interpretation and estimation of diverging or coinciding characteristics of other ILs.
To establish a method for quantifying the electrophilic properties of solvents, Gutmann et al. Figure 6a ). At higher chelate concentrations, the chemical shift becomes smaller, appears to reach a maximum and the first coordination sphere of Li + is practically saturated. As a result of the overall equilibrium (eq. (2) Figure 6b ), but exhibit a curvature typical for such complex-formation reactions. Depending on the nucleophilicity/donicity of the applied solvent and on the position of the equilibrium, i.e. either near to the reactant or near to the product state, the NMR data differ more or less from the applied linear fits, especially in the region of the observed discontinuities. These differences can be used to determine the stability constant β 2 of the generated lithium complexes and the appropriate standard reaction parameters ∆H° and ∆S° from the temperature dependence of β 2 , respectively. These effects lead to a much faster exchange between terpy and ClO 4¯ on Li + , which in turn will lower the stability of the resulting terpy complexes.
As outlined by the data presented in Table 4 
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total, the number of free molecules increases by two to four per lithium ion which will lead to a significant increase in the disorder of the system, and therefore to a notably higher value of ∆S°. In terms of the formation of [Li (bipy) 2 ] + , the interpretation of the standard reaction entropy is very difficult. Due to the smaller size of the bipy ligand, the first coordination sphere of Li + is not completely saturated and a coordination (or at least partial coordination) of one or more solvent anions should be considered.
Based on the NMR studies, crystals were grown with a threefold excess of chelate over Li + , to determine the coordination behavior of bipy/terpy in the solid state and to investigate the influence of the applied ILs on the crystallization process. In general, it could be observed that both π stacking and charge neutralization mainly control the solid state structure. 16 Although ClO 4¯ and NTf 2¯ exhibit a low donicity, both anions were found to coordinate to Li + in the solid state.
Depending on the interplay between ligand size, anion size and their coordination behavior, the formation of either monomeric or dimeric or polymeric lithium species could be observed. As shown in Figure 7a, sulfonyl subunits. This observation can be ascribed to the strong chelate effect of the terpy ligand and the sterical demanding nature of the NTf 2¯ anion. In contrast to the dimeric species presented in Figure 7b , the required additional coordination site at the lithium center is already occupied by the third N-donor atom of the terpy ligand and, in addition, the NTf 2¯ anion is much too voluminous to generate a similar dimeric lithium complex. 
Activation of small molecules
As a result of both, steric factors as well as repulsive and attractive interactions between identical and different charged ions, ILs have a very specific inner structure with empty cavities between their cations and anions. Since these cavities can be occupied by small molecules, ILs exhibit a high solubility for several gases. 53 However, systematic investigations clearly showed that gas solubility in ILs rather depends on the polarity and polarisability of a gas than on the size of the molecule or the size of the cavities. 54 Therefore, polar gases like carbon dioxide (CO 2 ) tend to be excellently soluble in most ionic liquids, whereas hydrogen tends to be only moderately soluble, despite its much smaller molecular size. 55 In terms of chemical reactions that involve dissolved gases, such as carboxylation, hydroformylation or hydration, ILs can be an interesting alternative to conventional solvents, since they allow the application of a much higher gas-saturation in the solute a) b)
state. Based on our own interest in the activation of small molecules 56 such as nitric oxide (NO) or CO 2 , we started to transfer inorganic and bioinorganic model reactions, extensively studied in conventional solvents before, into ILs to investigate the influence of their unique properties on the reactivity of these systems. 10, 17, 18 Activation of NO 2+ has proven to be wrong. 57 Since many biological processes take advantage of the unique Red/Ox behavior of Fecomplexes, which is tuned by the appropriate ligand shell, 58 the question arises to which extent the reactivity of the brown-ring-test is influenced by the appropriate solvent shell. In terms of ILs used as solvent, the question is even more fundamental and must be formulated as: How do iron-salts dissolve in ILs? We therefore transferred the classical brown-ring-reaction into ILs, to study the influence of the solvent nucleophilicity on the reactivity of the dissolved Fe II -ions. In terms of the axial bound dca¯ ligand, the strong σ-donor effect of the cyano groups leads to a labilisation of the trans-positioned chloride ligand through the amido-N atom (see Figure 9) which can be seen from an elongation of the Fe-Cl bond. We, therefore, assume that the chloride ligand is substituted by NO to result in [Fe(dca) nm induces a dissociation of the nitrosyl complex and a rapid release of NO (bleaching of the solution) which is followed by a subsequent relaxation of the system back to the original position of the equilibrium. Kinetics was studied under pseudo-first-order conditions with at least a 10-fold excess of Fe II over NO as a function of temperature and pressure. The excess of Fe II is necessary to avoid the formation of higher nitrosyl-adducts. 57 The observed rate constants k obs resulted in linear concentration dependences which allowed a determination of k on and k off from slope and intercept, respectively. The appropriate rate constants and activation parameters ∆H ≠ , ∆S ≠ and ∆V ≠ are summarized in Table 5 in compared to the data derived from aqueous solution. constructed on the basis of the high pressure kinetic data is shown in Figure 10 . The standard reaction volume ∆V° = -11 ± 2 cm 3 mol -1 , indicates that there is an overall decrease in the partial molar volume during the substitution of Cl¯ by NO. Both, the forward and the back reaction of (3) occur according to a dissociative mechanism. A comparison of the appropriate rate constants derived from [emim] [dca] and aqueous solution shows that both the "on" and the "off" reactions are significantly faster in the applied IL than in aqueous medium (see Table 5 antiferromagnetically coupled to NO¯ (S = 1) yielding the observed spin quartet ground state (S t = 3/2).
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Activation of CO 2
Over the past decade, carbon dioxide has extensively been discussed in terms of its role as greenhouse gas and its contribution to the overall global warming process. In this context, current research pursues two main objectives: i) a general decrease in the CO 2 emission 64 and ii) a recovery of CO 2 in terms of a reduction to methanol. One possible way of such a recovery could be the activation by a hydride transfer reaction in which CO 2 is first reduced to formic acid, followed by further reduction. 65 The insertion of CO 2 in [Ru(bipy)(terpy)H] + (Ru-H) to result in the appropriate formate complex [Ru(bipy)(terpy)OCHO] + (see Figure 11) , is a very interesting example of CO 2 activation, since the reactivity of the hydride complex Ru-H strongly depends on the acceptor properties of the applied solvent. 66, 67 Depending on the ability of a solvent to accept electron density, the hydridic character of Ru-H decreases or increases, as an effect of a stabilization or destabilization of the hydride ligand. However, the application of an IL used as solvent offers the combination of two very interesting aspects: i) the possibility to work at much higher maximum In general, the insertion of CO 2 in Ru-H was studied under pseudo-first-order conditions as Due to the autoprotolysis of water and the formation of hydrogen carbonate HCO 3¯, the measurements performed in aqueous solution turned out to be very complex and will therefore be discussed in more detail. On dissolving Ru-H in pure water, protons provided by the autoprotolysis lead to the generation of molecular hydrogen and therefore to a decomposition of the Ru-H complex. 68 Although, this process is slow because of the low proton concentration at pH 7, the time slot of the complex stability is not sufficient to perform temperature or pressure dependence studies.
On increasing the pH to 9.5, the complex turned out to be stable for several hours, but the concentration of reactive CO 2 significantly decreased as a consequence of the formation of HCO 3¯.
To accommodate this complication, a pH jump approach appeared to be reasonable, since the formation of HCO 3¯ is significantly slower than the insertion of CO 2 . Therefore, the CO 2 solution was buffered at pH 5.8 before mixing with Ru-H in the stopped-flow apparatus. Our first idea, to use CO 2 itself to create a buffer with added sodium bicarbonate seemed to be tricky, since the equilibrium between CO 2 and HCO 3¯ (reaction (4) The activation volume ∆V ≠ consists of two components. One part, the intrinsic volume change, is generated by bond formation and bond cleavage processes, whereas the other part is caused by solvational changes such as a spreading out or contraction of the solvent shell as an effect of changes in the overall charge. 72 In contrast to ligand substitution processes, the insertion of CO 2
does not result in a leaving ligand and the intrinsic volume change has to be largely negative.
Moreover, ∆V ≠ should mainly reflect the associative nature of the insertion process, since there is no change in charge on going through the transition state and the effects of solvation are therefore expected to be small. As summarized in Table 6 bonded water molecules play an important role in the insertion process, the observed activation volume can be explained in terms of a rearrangement of the solvent shell. Although the intrinsic volume change is expected to be the same as for the other solvents under investigation, the formation and cleavage of hydrogen bonds could affect local charge-formation/neutralization processes and so contribute towards the observed activation volume in terms of changes in the solvent shell. Similar effects also account for the significantly more positive activation entropy value.
As outlined above, the hydridic character of Ru-H strongly depends on the ability of the surrounding molecules to accept electron density and Konno et al. noticed a dependence of ln k 2 on the AN of the applied solvent (see Figure 12 ). 66 Although, the AN of ethanol is larger than
[emim][NTf 2 ], the corresponding k 2 values are of the same order of magnitude. Nevertheless, the AN of the applied IL and the resulting rate constant fit very well. In terms of the high reaction rate observed on applying water as solvent, several studies concerning the hydrogenation of carbon dioxide revealed that water, either as ligand or as solvent, has a decisive impact on the reactivity by generating hydrogen bonds with the reactants. 74, 75 In our case, the presence of a water ligand can be excluded, due to a lack of vacant coordination sites on the Ru-H complex. However, theoretical studies by Creutz et al. on the reaction mechanism clearly showed that water molecules have a crucial influence on the transition state of the reaction by forming hydrogen bonds with the oxygen atoms of the inserting carbon dioxide molecule. 68 Notably, the AN of water seems to account for this influence quite accurately. 
Conclusions
This perspective outlines the important role of the donor and acceptor properties of ILs used as solvent. In terms of typical inorganic reactions, the reactivity and the mechanistic behavior of dissolved metal complexes can seriously be influenced by the donicity of ILs, which mainly results from the nature of the anionic component. Besides electrostatic interactions which can lead to a shift of charge density, anions with a high nucleophilicity can occupy vacant coordination sites or even displace weaker bound ligands. In most cases, such donor interactions were reported to cause a loss of reactivity, but some reactions also seem to benefit as shown by the "brown-ring-reaction" performed in [emim] [dca].
Since typical inorganic reactions involve charged metal complexes, many effects observed on applying ILs, can be ascribed to the donicity of the ILs. However, some observations can only be explained in terms of the acceptor properties of the applied solvents. Especially, anionic metal complexes or complexes which exhibit regions of high electron density can be influenced by 
